ABSTRACT
Introduction

Type 1 diabetes occurs as a result of the destruction of insulin-secreting pancreatic ␤-cells by autoreactive immune cells [1]. Interleukin-1␤ (IL-1␤), tumour necrosis factor ␣ (TNF␣) and interferon-␥ (IFN␥) secreted by T cells and macrophages have been identified as the major mediators of ␤-cell damage during type 1 diabetes [2-4].
There is growing evidence suggesting that cytokines cause ␤-cell loss by inducing apoptosis [5, 6] . Apoptosis is a tightly regulated process that culminates in activation of the caspase family of proteases leading to dismantling of the dying cell [7] [8] [9] . Caspase activation occurs by two major routes; either via activation of death receptors, or through mitochondrial pathways [10, 11] . The latter involves the loss of the mitochondrial inner membrane potential (⌬⌿m) , and release of cytochrome c which is often considered as the 'point of no return' in the pathway [12] [13] [14] . This step is tightly regulated by the Bcl-2 family of proteins. The balance between the proapoptotic (e.g. Bax, Bax, Bid, Bim) and anti-apoptotic (e.g. Bcl-2, Bcl-XL) members of this family determines whether cytochrome c can be released and thus controls the fate of the cell [13] [14] [15] [16] .
Although the importance of cytokines in ␤-cell destruction is clear, the mechanism by which cytokines kill ␤-cells is far less understood. Studies of cytokine-treated ␤-cells have identified induction of iNOS and excess production of nitric oxide as a major contributor to ␤-cell injury [17, 18] . Furthermore, endogenous production of nitric oxide is required for ␤-cell injury [19] . Also, nitric oxide can mediate its toxicity through inducing apoptosis [6, 20] 
. In view of this, we set out to examine the mechanism of ␤-cell death following both cytokine treatment and forced expression of iNOS in order to gain a clearer understanding of the apoptotic pathways activated and to identify the decisive steps in this pathway. We demonstrate that IL-1␤ and IFN␥ act in synergy to cause ␤-cell death while TNF␣ has no detectable toxic effect on the cells. Both IL-1␤ and IFN␥ induced nitric oxide production, which was solely responsible for mitochondrial damage, caspase activation and apoptosis in rat insulinoma (RIN) cells. The ability of Bcl-XL to inhibit nitric oxide and cytokine-induced apoptosis proves that the mitochondrial pathway is a critical step in cytokine-induced ␤-cell death. It further indicates that anti-apoptotic strategies aimed at protecting ␤-cells from pro-inflammatory cytokines should target events at or above the mitochondria.
Materials and methods
Cell Culture and treatments
RIN-r cells (a gift from Prof. J. Nerup, Steno Diabetes
Centre, Gentofte, Denmark) were cultured in RPMI 1640 medium supplemented with 10% foetal calf serum, 2 mM Lglutamine, 50 U/ml penicillin and 5 mg/ml streptomycin, 20 mM N-2-hydroxyethyl-piperazine-NЈ-2-ethanesulphonic acid (HEPES, pH 7.4) 
Detection of apoptotic cells
Externalization of phosphatidylserine (PS) on the plasma membrane of apoptotic cells was detected using annexin V-FITC (IQ Corporation
Griess assay
Adenoviral transduction
The Bcl-xL construct was generated as described before [21] . 
Measurement of ⌬ ⌬ m
Mitochondrial inner membrane potential was determined by using the fluorescent probe tetramethylrhodamine ethyl ester (TMRE) (Molecular Probes) as previously described [25] . Briefly, cells ( 
Results
IL-1␤ ␤ and IFN␥ ␥, but not TNF␣ ␣, induce loss of cell viability
The effect of IL-1␤, TNF␣ and IFN␥ was examined by treating RIN cells with increasing concentrations (2.2, 6.6, 20, 60, 180 
IL-1␤ ␤/IFN␥ ␥-induced loss of cell viability is due to apoptotic cell death
Although recent studies suggest a role for apoptosis in ␤-cell death induced by cytokines, there is still considerable controversy over this issue [6] . We examined key features of apoptosis, including PS externalisation, caspase activation and nuclear fragmentation to determine whether the loss of viability induced by cytokines was due to apoptotic cell death. As an early marker of apoptosis, PS externalization was detected by annexin V/PI staining ( Fig. 2A) (Fig. 2D) . (Fig. 3A) . IL-1␤, but neither IFN␥ nor TNF␣ induced a modest but detectable induction of iNOS, which was absent in untreated cells (Fig. 3A) . However, when IL-1␤ and IFN␥ were used in combination, IFN␥ greatly enhanced IL-1␤-mediated iNOS induction (Fig. 3A) . Addition of TNF␣ had no further effect on iNOS expression (Fig. 3A) . Accumulation of nitrite, the end product of nitric oxide degradation, in the culture medium was also quantified using the Griess method, which closely
IL-1␤ ␤/IFN␥ ␥-mediated iNOS-dependent nitric oxide production is sufficient for ␤ ␤-cell apoptosis
Previous studies have examined individual markers of cell death upon cytokine treatment, but have not identified the core apoptotic pathway activated. Because production of nitric oxide by iNOS has been implicated as a major mediator of cytokine-induced ␤-cell injury, we examined whether intracellular nitric oxide production by iNOS was sufficient to cause the ␤-cell apoptosis detected following IL-1␤/IFN␥ treatment. First, expression of iNOS following 24 hrs cytokine treatment was examined by Western blotting
Fig. 1 Assessment of the contributions of IL-1␤, TNF␣ and IFN␥ to loss of rat insulinoma (RIN) cell viability RIN cells were treated with the indicated doses of IL-1␤, TNF␣, IFN␥ alone or in combination. Cell viability was measured using MTT assay and expressed as a percentage of the mean absorbance of untreated cells. (A) RIN cells were treated for 48 hrs treatment with increasing concentrations (2.2-540 U/ml) of each cytokine alone and cell viability was measured. (B) RIN cells were treated for 48 hrs with 60 U/ml of each of the indicated cytokines in combination with increasing concentrations (20-540 U/ml) of another as indicated and cell viability was assessed. Data represents the average of at least three independent experiments ± S.D.
followed the pattern of iNOS induction (Fig. 3B) . These data show that the synergistic effect of IL-1␤ and IFN␥ on induction of iNOS and subsequent nitric oxide production correlates with apoptosis (Fig. 1B) . (Fig. 3D) . DEVDase activity and cell viability was monitored 24 hrs following AdiNOS transduction. Fig. 3E and 3F ). (Fig. 4A) . However, inhibition of caspases had no effect on nitric oxide production or PS externalization induced by cytokine treatment (Fig. 4B and C) . Therefore, although cytokines activate the apoptotic pathway, inhibition of caspases is not sufficient to block ␤-cell death suggesting activation of alternative cell death pathways in the absence of caspase activity. (Fig. 4B and 4C) . [27] . (Fig. 5C) 
In order to determine if effects other than nitric oxide production are required to mediate cytokineinduced apoptosis, RIN cells were transduced with an iNOS expressing adenovirus (AdiNOS) and
induction of apoptosis was monitored. Multiplicity of infections (MOIs) was optimized to express a level of iNOS comparable to that observed following IL-1␤/IFN␥ treatment. This was achieved at an MOI of 25 (Fig. 3C) and not only resulted in similar level of iNOS expression, but also a comparable level of nitric oxide as that produced by IL-1␤/IFN␥
Overexpression of iNOS induced caspase activation, which was similar to that induced by IL-1␤/IFN␥ treatment (Fig. 3E). A reduction of cell viability as measured by MTT assay corresponded with this increase in caspase activity indicating that prolonged nitric oxide production alone is sufficient to mediate ␤-cell death (Fig. 3F). Adenoviral overexpression of GFP (AdGFP) was used as a control to confirm that the effects were not due to viral transduction. Furthermore, all the observed effects were reversible by pre-treatment with L-NIO, an inhibitor of NOS, indicating that the detected ␤-cell apoptosis required iNOS activity (nitric oxide production by iNOS) thus it was not an artificial event due to protein overexpression (
Nitric oxide is essential for cytokine-induced caspase activation
IL-1␤/IFN␥-mediated toxicity seemed to involve both nitric oxide production and caspase activity so inhibitors of both these were employed to determine whether they were essential events during RIN cell apoptosis. RIN cells were treated with IL-1␤, IFN␥ or IL-1␤/IFN␥ in the presence or absence of Boc-D.fmk, a broad spectrum caspase inhibitor or L-NIO and caspase activity and cell death were examined in the samples. Pre-treatment of cells with Boc-D.fmk was able to block caspase activity induced by IL-1␤/IFN␥
Since nitric oxide production by iNOS was sufficient to induce ␤-cell death and it occurred upstream or independent of caspase activity, we examined whether nitric oxide production is a requisite step for caspase activation and RIN cell death induced by IL-1␤/IFN␥. We found that pre-treatment with L-NIO was able to completely block cytokine-induced nitric oxide production (Fig. 4A). More importantly, it could prevent IL-1␤/IFN␥-induced caspase activation as measured by DEVDase activity as well as by detecting pro-caspase-3 processing with western blotting
Pre-treatment with L-NIO also reduced the PS externalisation indicating decreased apoptosis. Taken together, these data suggest that IL-1␤/IFN␥-mediated nitric oxide production is upstream of, and necessary for activation of caspases and execution of apoptosis.
IL-1␤ ␤/IFN␥ ␥ activate the intrinsic apoptotic pathway
As many pro-apoptotic signals, including oxidizing agents, converge on the mitochondria, we examined if IL-1␤/IFN␥ induces a mitochondrion-dependent, intrinsic apoptotic pathway. RIN cells were treated with IL-1␤/IFN␥ and three key features of the intrinsic death pathway, namely loss of ⌬⌿m, release of cytochrome c and activation of pro-cas
Staurosporine (STS) treatment, a known inducer of cytochrome c release, was used as a positive control. Cleavage of pro-caspase-9, a consequence of cytochrome c release was also
Fig. 4 Assessment of the effect of the broad range caspase inhibitor Boc-D.fmk and the iNOS inhibitor L-NIO on RIN cell death RIN cells were treated with IL-1␤ (60 U/ml), IFN␥ (60 U/ml) and IL-1␤/IFN␥ with or without prior treatment with Boc-D.fmk (20 m) or M L-NIO (500). (A) Caspase-3-like activity was monitored 24 hrs after treatment. Caspaseactivity is expressed as nmol AMC released per min by 1 mg of total cellular protein. Data represents the mean of at least 3 independent experiments ± SD. *P < 0.05 between the indicated treatment groups. (B) Supernatants from control and treated samples were assayed at 24 hrs for nitrite accumulation using the Griess method. Data represents the mean of at least three independent experiments ± S.D. (C) Annexin V/PI staining was measured by flow cytometry. Dot plots are from one representative experiment and percentages are the average of three separate experiments ± S.D. (D) Pre-treatment with L-NIO blocks IL-1␤/IFN␥-mediated cleavage of caspase-3 and caspase-9. Whole cell lysates from control and treated samples were subjected to western blot analysis for to detect caspase-3 and -9 cleavage. The image is representative of two independent experiments. observed following both IL-1␤/IFN␥ treatment and forced expression of iNOS
Bcl-X L protects RIN cells from cytokine and iNOS-induced apoptosis
Bcl-XL can prevent mitochondrial-mediated apoptosis by maintaining outer mitochondrial membrane integrity and thus cytochrome c release [13] . Bcl-XLexpressing adenovirus (AdBcl-XL) was therefore employed to determine whether expression of this anti-apoptotic protein could prevent cytokine and iNOS-mediated ␤-cell death. Substantial Bcl-XL (Fig. 6B) . In order to determine whether protection of the mitochondria was sufficient to prevent apoptosis, both annexin V binding and caspase-3 activity were measured. We found that AdBcl-XL was able to prevent PS externalization and to completely block caspase-3 activation (Fig.  6C and D 
) in both IL-1␤/IFN␥-treated and AdiNOS transduced RIN cells. It was also observed that
AdBcl-xL had no effect on nitric oxide production, induced by either cytokines or AdiNOS, indicating that this event occurs upstream of mitochondrial damage (Fig. 6E) [29] . Previous studies in different cell systems have shown that nuclear factor NF-B sites are required for iNOS induction [30] [31] [32] [33] . [33] [34] [35] [29] . A number of the genes identified, namely Bak, Bid, Bcl-XL and GADD153 are directly linked to apoptosis [38] . Although the study did not examine the actual function of these genes in IL-1␤/IFN␥-induced ␤-cell death, it is notable that with the exception of Bak, all these genes were regulated in an nitric oxidedependent manner [29] .
Other IFN␥ activated transcription factors, such as interferon regulatory factor (IRF)-1, CCAAT box/enhancer binding protein (C/EBP) and signal transducer and activator of transcription (STAT) 1 also are involved in iNOS induction
There is much debate about how nitric oxide exerts its cytotoxic effects in ␤-cells. Earlier studies suggested that nitric oxide production leads to a necrotic death and nitric oxide-independent pathways are responsible for apoptosis induction [6] . This view was challenged by recent studies [18, 20] . Messner et al. found that cytokines induced ␤-cell apoptosis through nitric oxide-mediated DNA damage and activation of p53 [39] . Endoplasmic reticulum (ER) also plays a major role in the initiation of apoptosis [38] . A recent report has shown that sustained nitric oxide production triggered the ER stress response and deficiency of the ER stressinduced pro-apoptotic transcription factor, GADD153/CHOP reduces nitric oxide-induced ␤-cell death [40] . We have also observed an early induction of C/EBP homology protein (CHOP) in an iNOS-dependent manner following cytokine treatment (Holohan, Szegezdi and Samali, unpublished data) . These data support the notion that ER stress and mitochondrial pathway may be linked. We are currently investigating whether blockade of the ER stress pathway may prevent cytokine-mediated apoptosis.
In addition to p53 activation and ER stress, nitric oxide and its peroxynitrite derivatives can directly cause mitochondrial damage through inhibition of components of the mitochondrial electron transport chain [41] . Inhibition of the mitochondrial respiration leads to the dissipation of ⌬⌿m, mitochondrial swelling and cytochrome c release, as it has been shown with isolated mitochondria exposed to nitric oxide [42] [45] [46] [47] [48] [49] . Furthermore, disruption of mitochondria under caspase inhibiting conditions may force cells down a necrotic cell death pathway [44] . Therefore, targeted protection of the mitochondria, but not downstream apoptotic events may prevent cytokine-induced ␤-cell death.
